Failure has been observed to occur on grade P91 alloy flat head closures in Heat Recovery Steam Generators (HRSG), operating at high temperature (>538°C) and high pressure (>125 bar), after a relatively low in-service life. Since creep is expected to be the major failure mechanism, creep analysis and creep life prediction were conducted on four commonly used flat head designs. We have previously shown that failure of welded P91 material is highly dependent on the material properties in the Heat Affected Zone (HAZ). As such we modeled a common multilayer welding procedure to determine the local material properties of both the Coarse Grain and Fine Grain HAZ for each flat head design. Once the final material properties were obtained, we exposed each simulated flat head to typical operational conditions and calculated the total stress (pressure + thermal) and temperature at each node. With this we then used a Deformation Mechanism Map (DMM) for the P91 alloy to determine the creep rate at each node. This allowed us to identify areas that are accumulating creep strain from different creep mechanisms and therefore susceptible to creep and to approximate the creep life.
INTRODUCTION
The ASME Boiler and Pressure Vessel Code, Section I, "Power Boilers" identifies a large number of acceptable flat head closure designs for Heat Recovery Steam Generators (HRSG). Only four of these designs are commonly used. The four designs selected for analysis are shown in Figure 1 to Figure 4 with sizes given in Table 1 . Over the past 25 years a relatively small number of catastrophic failures of flat head closures have been reported around the world, although it is likely that many similar failures have gone unreported. The reported failures seen to date have the following common elements:
• The failures occur at relatively high temperatures (>1000 °F, 538 °C) • The failures occur at higher pressures (>1800 psia, 125 bara)
• The header and flat head were constructed from Grade 91 material.
• The failures occurred in the superheater sections of the HRSG • The failures occurred after relatively short periods of service • The failures occurred in weld region and major cases in Heat Affected Zone (HAZ)
Since welding was the main concern, this paper investigates and predicts the relative failure proclivity of these four commonly used flat head designs with respect to welding process. As a major damage mechanism, creep analysis and creep life prediction were conducted on these selected designs; including modeling of the welding procedure and prediction of the loss of creep life in the header and locally in the HAZ. We carried out this analysis using the finite element method (FEM) with the Abaqus software suite supplemented by in-house subroutines.
Figure 1 Design 1 that is commonly used from the ASME Boiler and Pressure Vessel Code, Section I.

Figure 2 Design 2 that is commonly used from the ASME Boiler and Pressure Vessel Code, Section I.
Figure 3 Design 3 that is commonly used from the ASME Boiler and Pressure Vessel Code, Section I.
Figure 4 Design 4 that is commonly used from the ASME Boiler and
Pressure Vessel Code, Section I. 
METHODOLOGY FOR CREEP LIFE PREDICTION
The initial stage of this work was modeling a welding procedure that would be typical of a procedure that would be used commonly in the fabrication of these flat head closures. The sequence of multi-layer welding that were modeled for each design are shown in Figure 5 to Figure 8 and the weld end preparation are in accordance with ASME B31.3 recommendation shown in Figure 9 . The analysis involved calculating 3D transient thermal profiles from the welding into the flat head and the header body. These thermal profiles were then used to define the extent of the coarse grained HAZ (CGHAZ) and the fine grained HAZ (FGHAZ) using the thermal history of the flat head combined with the alloy's phase diagram.
We have previously shown [1] that for grain size (GS), precipitation particle size (PS) and precipitation particle interspacing (PI) are the main microstructure factors affecting the creep life of P91 alloys and therefore a value for GS, PS and PI were also calculated and assigned to each region in weld and HAZ, and. used for accurate creep life prediction Operating pressure and temperature were added to the welded model to calculate a 3D stress map in the flat head and header body while in service. Figure 10 . We found the material properties in this reference and 
Weld sequence is controlled by user through a dialog box. This dialog allows for the customization of each weld pass to define the weld step start time, delay time between the passes, and the direction of pass. The welding time is automatically calculated from the pass length and the torch speed. There were four tack welds in the root pass at every 90 degrees. Weld passes were deposited in two segments first from 6 o'clock position to 12 o'clock position counter clock wise (CCW) on half circle followed by 6 o'clock position to 12 o'clock position on the other half clock wise (CW). There were 550 to 650 thermal time steps for the analysis depending on the number of weld passes in each design. The delay time between each pass was about 5 minutes to allow the inter-pass temperature stays below 200 C as per code requirement. A series of cool down steps were added after the welding was finished to model the returning thermal profile to the ambient temperature. Figure 16 shows a snapshot of welding thermal design for design 1. Similar snapshots and videos are available for each design. The element activation is performed through the user subroutine UEPActivationVol(). In order to determine when an element is to be activated, the centroid of the element is projected onto the torch path. When the point of the projection comes within a specific distance from the front of the moving torch center, it is activated. In this analysis, the initial temperature was 21 C. A convection boundary condition generated a boundary flux on all external surfaces. The total temperature-dependent convection coefficients is computed from Eq. 1 where T is temperature in C.
MICROSTRUCTURE EVALUATION
During heating cycle, the equilibrium transformation temperature in Grade P91Martensitic steel starts forming Austenite at A1 (≈825 °C) and becomes fully Austenitic above A3 (≈925 °C). During welding the available time between A1 and A3 is short for equilibrium transformation and therefore the Austenization finishes above the A3 by massive recrystallization due to the super heating rather than diffusion. Higher temperature activates the Austenite grain growth by merging and migrating grain boundaries, however, existence of Carbide and Nitrides precipitate in P91 blockades this migration until a critical temperature Ts (≈1100 °C) when the precipitates dissolve into the Austenite matrix and allows the Austenite grain growth. During Cool down, the grain growth will continue below A3 when the Austenite decomposition starts mostly by super cooling nucleation on the boundary of large Austenite, formation of Bainite below, Bs (≈500 °C) and Martensite below Ms (≈400 °C). Many researchers have shown that the effect of cooling rate on the final microstructure of HAZ can be simplified by assuming a typical thermal profile during welding processes without losing substantial precision in predicting the final microstructure. This assumption simplifies the microstructure models as a function of peak temperature such that an empirical relationship is created between the final microstructure and the trajectory of the peak temperature with respect to the critical transformation temperature. Three main microstructure parameters that are shown effective on creep life are grain size, precipitation particle size, and precipitation inter-spacing distance [5] . An extensive work on P91 in [6] and [7] experimentally measured the average grain size, precipitation particle size, and precipitation inter-spacing distance and correlated these parameters to the welding peak temperature. 
CREEP DEFORMATION MECHANISMS MAP FOR P91 ALLOYS
The creep deformation is essentially a time dependent and thermally activated plastic strain accumulation processes that are controlled by the competition between the activation energies associated with different mechanisms such as dislocation glide and climb within the grain interiors (Power-Law Creep -PLC) or at the grain boundaries (GBS) or stress assisted vacancy migration leading to grain boundary migration (diffusion creep). All of these processes occur at the atomic scale over time and often lead to time dependent plastic strain accumulation at stresses that are well below the temperature dependent yield strength of the material. Constitutive equations that have been developed for different creep deformation mechanisms for simple metals and alloys including some complex alloys are typically mapped in Deformation Mechanisms Map (DMM) [8] .
These constitutive equation are given in [9] and hard-coded for creep life estimation of P91 structures in question. Grain size, precipitation size and precipitation interspacing are in the equations and therefore the calculated values of these microstructure parameters from the FEA model of welding are fed into the creep rate calculation.
DMM is a key diagram in creep damage modeling and therefore a validated DMM of P91 alloys from [1] is used in this investigation to be integrated with a welding modeling in order to predict the creep life of a welded P91 pipe including both microstructure and stress effect of the welding process in the creep damage model.
CREEP LIFE EVALUATION
Using our validated DMM along with the results of FEA thermal and microstructure, we calculated the creep strain rate for every node in the 3D domain. The creep life was evaluated based on an accumulated strain of 1% strain [10] . This threshold of 1% creep strain was used to define regions with loss of creep resistance such that every FE node with a creep strain above 1% was assumed to have no resistance to creep (i.e. no further creep life). By iterating through time, we then calculated the accumulation of creep strain and visualized its temporal evolution throughout the design life of the flat head (i.e. 252,000 hours i.e. 50 weeks per year for 30 years). Failure of the flathead was considered to have occurred when a region with no resistance to creep reached an external surface. It should be emphasized that if a higher accumulated creep strain threshold were to be selected as defining the creep life of the component (e.g. some designers are more comfortable with 3 or 5% strain), then of course the life estimates for each of the different designs would increase, but the magnitude of the increase would vary with the design.
RESULT AND DISCUSSION
We summarize the results of our analysis below for each design and detailed discussion follows.
Creep Life Only
Creep Figure 17 to Figure 20 show the results of calculations of creep life based on 1% accumulated creep strain for design 1. These figures presents the evolution of regions (shown in grey) that lose the resistance to creep over time in service. We consider rupture to have occurred when this region reaches an external surface. For this design this occurred after 36,000 hours located at the boundary of FGHAZ and BM on the cylinder side. This is reasonably consistent with type IV cracking observations from real life service failures of P91 alloys. Figure 21 to Figure 26 show the results of calculations of creep life based on 1% accumulated creep strain for design 2. These figures presents the evolution of regions (shown in grey) that lose the resistance to creep over time in service. We consider rupture to have occurred when this region reaches an external surface. Our calculation shows that loss of creep life starts and expands quickly around the weld root but then stabilizes at around half wall thickness. As such for this design the calculated creep life exceeds the 252,000 hours of expected design life. Figure 27 to Figure 30 show the results of calculations of creep life based on 1% accumulated creep strain for design 3. These figures presents the evolution of regions (shown in grey) that lose the resistance to creep over time in service. We consider rupture to have occurred when this region reaches an external surface. For this design this occurred after 32,000 hours located on the boundary of the FGHAZ and BM on the cap side. The loss of creep resistance starts from both the inner and outer surface of the cap at HAZ with higher rate at the inner surface. This is roughly consistent with type IV cracking observations from real life service failures of P91 alloys. Figure 31 to Figure 36 show the results of calculations of creep life based on 1% accumulated creep strain for design 4. These figures presents the evolution of regions (shown in grey) that lose the resistance to creep over time in service. We consider rupture to have occurred when this region reaches an external surface. In this case, the accumulation of creep strain decelerates because the HAZ is located in the low stress region on the cap. Therefore, our calculation shows that loss of creep life starts and expands quickly around the weld root but then stabilizes at around half wall thickness. As such for this design the calculated creep life exceeds the 252,000 hours of expected design life. 
DESIGN 1
DESIGN 2
DESIGN 3
DESIGN 4
IMPORTANCE OF FATIGUE-CREEP INTERACTION
Although fatigue as a damage mechanism was not considered in this investigation, we compared the state of stress from the operating condition that causes creep with the state of stress from the thermal load fluctuation during cold-start (see Figure 37 ) that causes fatigue in order to emphasize the importance of contribution of both fatigue and creep to failure.
Figure 37
The cold start profile used in the analysis. Figure 38 compares the peak stress for design 2 during the cold start that causes fatigue and the stress during the operating condition that causes creep. It can be seen that the region of lower creep stress and therefore lower creep failure is exposed to a very high stress during cold-start and therefore high contribution to failure from fatigue.
We previously showed in design 2 that the creep strain accumulation starts and expands quickly from the weld root as well as the external surface along the HAZ, and later slows down in the mid-wall as shown in Figure 39 (right) that results in long creep life. However, Figure 39 (left) shows the location of high fatigue stress occurs right at this low creep accumulation region of HAZ such that fatigue accelerates the total failure by bridging between the two growing creep regions, and therefore the total failure from both creep and fatigue is expected significantly shorter that single creep analysis. Similarly for design 4, Figure 40 compares the peak stress (MPa) for this design during the cold start that causes fatigue and the stress during the operating condition that causes creep. Figure 41 shows the location of high fatigue stress is at the low creep accumulation region of HAZ such that fatigue accelerates the total failure by bridging between the two growing creep regions, and therefore the total failure from both creep and fatigue is expected significantly shorter that single creep analysis. 
CONCLUSION
The primary objective of this study has been to determine if any of four design options that are most commonly used in HRSG construction are particularly vulnerable to the early formation of creep damage. Because the intent of this effort has been to determine the relative robustness of the four end cap designs under consideration, the welding procedure was modelled to determine the FGHAZ and CGHAZ including local microstructure properties for creep damage calculation, however, the residual stress after post weld heat treatment has not been considered. In addition, stress relaxation and redistribution effects over time have not been included. The analysis has identified for each design that region, or those regions of the weldment in which creep strain progresses most rapidly under the specified operating conditions and has identified the time required to reach an arbitrarily defined "critical" level of accumulated strain (in this case, 1%) at that location(s) as a basis for determining the useful life of the design.
The analyses results have indicated that Designs 1, and 3 are more prone to the early formation of creep damage than is Design 2 and 4 under the specific conditions of operation assumed. The predictions regarding the location and rates of early creep strain accumulation are considered to be a reasonable representation of how creep-dominated damage will initiate and accumulate. It should be noted, as well, that the relatively short lives predicted for Designs 1 and 3 are consistent with the times to failure in some of the reported failure incidents. However, the fact that the failures that have occurred so far have been sporadic in nature suggests that there are no major design deficiencies associated with any of the designs considered here and that when failures occur it is a result either of more complex operating conditions than were anticipated by design (e.g., creep-fatigue interaction due to severe thermal cycling) or the influence of unanticipated structural discontinuities associated with the welding operations.
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